Abstract: An alternative way of induction clamping is described, consisting in heating of the sleeve by its rotation in static magnetic field generated by suitably arranged permanent magnets. The most important dimensions of the heating system are optimised with the aim to reach the required increase of the bore of the clamping head at the highest possible efficiency and shortest time of heating.
This paper is a revised and expanded version of a paper entitled 'Induction clamping of high-revolution tools by rotation in a system of unmovable permanent magnets', presented at XVIII International UIE-Congress Electrotechnologies for Material Processing, Hannover, Germany, 6-9 June, 2017.
Introduction
Induction clamping is nowadays one of the most popular technologies for fixing machine tools in high-revolution applications (Rudnev et al., 2002) , for example, in the automotive and aerospace industries. The induction clamping technology exhibits, with respect to other similar technologies, numerous advantages, such as quality of balance of the shank, minimum eccentricity due to the rotating run-out, high clamping force and dynamic stiffness at high torques, simplicity of the entire system, and a long-life expectancy. Topicality of the research is confirmed also by a number of papers and publications in many domains, see, for example (Apatay et al., 2017) or (Chu et al., 2016) .
The process of induction clamping is shown in Figure 1 . At cold, the diameter of the bore of the clamping head is 1 d and diameter of the tool shank is 2 The parameters of the shrink fit must satisfy the mechanical torque to be transferred. Its disassembly is then realised in a similar manner. The shrink fit is again heated. The clamping head increases its internal diameter much faster than the shank which can easily be removed.
Induction heating of the clamping head is usually realised by an inductor carrying harmonic current of a higher frequency (Dolezel et al., 2014) . This way is very fast (heating itself is realised in several seconds), which is the substantial advantage in a lot of applications. On the other hand, it requires an expensive current source and its efficiency is not high (it is reported that in most applications this efficiency does not exceed about 50%, due to significant Joule losses in the inductor).
Several years ago, the authors investigated the efficiency of induction heating of axisymmetric metal bodies realised by their rotation in static magnetic field generated by appropriately located high-parameter rare-earth permanent magnets . Both theoretical studies and experiments confirmed that the efficiency of heating is substantially higher and can exceed about 80%. These promising and experimentally verified results led to the idea of using this technology also for producing shrink fits. This alternative process is substantially slower (it takes tens of seconds or even minutes), but cheaper, and may be applied in processes where the exchange of tools does not need to be so fast. For example, in various technological lines, it is possible to produce several shrink fits in parallel, so that exchange of tools may be practically continuous.
Formulation of the problem
Induction clamping was tested on the clamping head manufactured by company Gühring, see Figure 2 . Its material is tool steel. Principal dimensions (in mm) of the head are given in Figure 3 . Material parameters and their temperature-dependent characteristics are known. The clamping head is considered axisymmetric. This is not quite correct (see its rear part), but as only its front part is heated, acceptance of this assumption was proved to be practically negligible (the error is lower than about 0.5%).
The goal of the paper is to build and numerically compute the model of the physical process and find geometrical dimensions of the heating system securing its best performance (the fastest time of heating and highest possible efficiency). The process of induction heating is here realised by rotation of the head in the system of permanent magnets. 
Mathematical model
The mathematical model of the problem can be divided into two parts -the forward task and backward task. The purpose of the forward task is to model the process of heating for different dimensions of induction heater. The aim of the backward task is to find such dimensions of the heater that provide its optimal performance.
Direct problem
The forward part is represented by the determination of the interference δ between the tool shank and bore of the clamping head ( The clamping head rotates with an angular velocity ω that is limited by the maximum revolutions of the driving engine.
Finding of the interference
After heating the clamping head, inserting there the tool shank (where the length of the mutual connection of these two parts is l, see Figure 3 ), and cooling, the pressure p between both parts is given by the formula
Here, d 1 is the diameter of the bore, d 2 is the external diameter of the clamping head, δ denotes the interference, E stands for the Young modulus of the corresponding material and σ a is its allowable mechanical stress. The maximum transferable torque M t is then given by the formula
where f f is the coefficient of dry friction between the materials of the clamping head and tool shank. Hence, the interference δ can be determined very easily. 
Magnetic field
Magnetic field in the system can be described in terms of magnetic vector potential A using the equation
where µ denotes the magnetic permeability, γ stands for the electric conductivity, v is the velocity whose module is given by the relation v r ω = ( r being the corresponding radius) and H c is the magnetic coercive force (considered only in the domain of permanent magnets). The boundary conditions (along with a sufficiently distant artificial boundary) are generally of the Dirichlet type (A = 0), in case of the presence of some symmetry, the planes of symmetry are described by the Neumann condition.
Here, the losses are not produced in the magnetic circuit and permanent magnets, but only in the rotating clamping head. As the clamping head is made of ferromagnetic material, the losses generated in it have two components: Joule losses by eddy currents and magnetisation losses due to hysteresis.
Denote the volumetric Joule losses p J and volumetric magnetisation losses p m . There holds (Kuczmann and Iványi, 2008) ( ) 
Usually, however, the magnetisation losses may be neglected as their value is rather small (about one-tenth and less of the Joule losses).
Temperature field
The temperature field in the clamping head is described by the heat transfer equation (Holman (2002) )
where T is the temperature, λ is the thermal conductivity, ρ denotes the mass density, and c p stands for the specific heat (these parameters are generally temperature-dependent functions). The boundary condition along the surface of the clamping head takes into account both convection and radiation and may be expressed in the form
Here α is the coefficient of convective heat transfer between the solid body of the clamping head and environmental fluid (air), S T denotes the temperature of the surface of the clamping head that is in contact with air and 0 T is the temperature of air sufficiently far from the surface of the clamping head. Symbol C stands mainly for emissivity, T is the temperature of the surface to which heat is radiated. It is not easy to determine the values of α and C , as they are functions of many parameters ( α may approximately be determined using the similarity theory from the Nusselt number which can approximately be obtained from the Grashof and Prandtl numbers, parameter C may be affected by the configuration factor and multiple reflections etc.) and often must be found indirectly using, for instance, experimental calibration.
It can be seen that the values of α and C are always burdened by an uncertainty that is uneasy to evaluate. That is why we decided to use a simplified condition ( )
where gen α represents the generalised coefficient of convective heat transfer. Its value must be determined indirectly, from appropriate experiments.
Field of thermoelastic displacements
The temperatures necessary for successful realisation of shrink fits usually do not exceed 400°C and mechanical properties of the heated material still remain in the domain of elasticity. Modelling of the linear displacements in material may be carried out in several different ways. After a lot of tests taking into account the speed of computations and hardware requirements, we decided to model the thermoelastic problem in the clamping head using the Lamé non-isothermic equation in the form (Boley and Weiner, 2011) 
where the coefficients ϕ and ψ are given by the relations
Here, E denotes the Young modulus, ν is the Poisson coefficient of the contraction, symbol u represents the vector of the displacements, and L f stands for the vector of the volumetric forces (it includes the Lorentz and gravitational forces, but in comparison with the forces of the thermoelastic origin they are low and may be neglected). Finally, T α is the coefficient of the thermal expansion of material. The boundary conditions correspond to the free clamping head, whose axis is fixed.
Even E , ν and T α are temperature-dependent functions. But in the given range of temperatures (20-400°C) the variations of E , ν are low, so that both these quantities are assumed to be constant.
Optimisation problem
When we first designed the induction heater with four permanent magnets (see Figure 5 ) and modelled and measured its parameters and characteristics, we found that the heating process was rather slow and efficiency was not too high. The model was calibrated on the basis of performed experiment, when the clamping head was fixed directly on the shaft of driving asynchronous motor. The head rotated inside the magnetic circuit equipped on the inner side by four NdFeB permanent magnets. The motor was fed from inverter. But even for velocity 6000 rpm we did not reach the necessary displacement of the bore in real time. Better results were obtained during the second experiment with another weaker, but high-revolution asynchronous motor. It became clear that this technology is not competitive in the heating time to the classical induction heating. Nevertheless, it may represent an interesting alternative from the viewpoint of investment and operation costs. From practice, it is known that the limit time between disassembly and assembly of a new tool about 5 minutes, when robots work with other tools. These facts lead to the conclusion that the assembly of the tool should be completed in about 90 s and 60 more seconds are intended for the cooling process.
Figures 6 and 7 show the results obtained from the numerical model of the original arrangement and their comparison with experiment.
Anyway, it also became clear that the dimensions of the original heating system were not proposed correctly and the prototype must be rebuild in order to reach as fast heating as possible at the highest possible efficiency of the process. Optimisation represents an advanced step in the engineering design which automates the search of the design parameter. One of the tasks was to minimise the sensitivity of design parameters on the permanent magnets and magnetic circuit in order to obtain a robust design. The basic strategy of optimisation started from existing technological constraints and consists of these steps:
• selection of a suitable procedure for sampling the space of parameters in a close vicinity of point to be optimised
• calculation of the variance from the forward solutions at suitably selected points
• using the variance as one of the parameters in the optimisation algorithm.
The sensitivity of design variables is computed using Design of Experiments (DOE) method (di Barba et al., 2015a Barba et al., , 2015b in order to obtain the effect of the influence of the shape and position of permanent magnets. The variance may be expressed by a set of fractions expressing the influence of separate input parameters or their groups on the output (e.g., Sobol approach or LHC). The approach that is used here for the presented computations is more versatile because it can search the whole space of input parameters and is also able to cope with nonlinearities. For the process of optimisation itself, we used four different algorithms: BOBYQA, Nelder-Mead, NSGA-II and Bayesian technique.
Illustrative example

Input data
The magnetic circuit (see Figure 4) is manufactured of steel S355 of known physical parameters. The parameters are considered constant, as its temperature rise can be neglected (both parts are separated by thermal insulation of very poor thermal conductivity) during the process of heating the clamping head. Magnetic field in the system is defined by the permanent magnets NdFeB, whose remanence r 1.45T B = and relative permeability r 1.11. 
where µ is the mean value of the set of N experiments and σ denotes the standard deviation.
The numerical solution was carried out in Agros Suite, which is our own application for solution of multiphysics problems based on the fully adaptive higher-order finite element method. The application also contains module OptiLab intended for the shape optimisation based on both deterministic and heuristic algorithms. Selected results were checked by professional code COMSOL Multiphysics. The computations were carried out for 2, 4 and 8 permanent magnets (the corresponding arrangements can be manufactured still without any serious technological problems).
The forward computations were first carried out taking into account all temperature-dependent material parameters. But it was found that these dependencies are in the considered range of temperatures (20-400°C) practically linear and the same results were obtained when we replaced them by the constant values corresponding to the average temperature, which was about 200°C. As for magnetic permeability of the material of the clamping head, it does not practically change in this range, either. Figure 8 shows the convergence of the objective function J f P = for all investigated cases (2 permanent magnets, 4 permanent magnets and 8 permanent magnets), the revolutions in all these cases being 4500 rpm.
Results
The best solution ( J 1806.4 P = W) is obtained (see Figure 8 , upper part and Table 1 ) for two permanent magnets. On the other hand, this arrangement is characterised by maximum drag torque, which can negatively influence the efficiency of the process.
As can be seen from Figure 8 , the most effective for the solution of the backward task seems to be the Bayes algorithm. Figure 9 shows the distributions of magnetic fields in the system for all optimised variants. It can be seen that most of the force lines pass through the heated clamping head in arrangement with two permanent magnets, which is the reason of maximum value of Joule losses J P . After a thorough evaluation of particular optimal arrangements, we decided for the prototype with four permanent magnets, where the value of the losses J P is still sufficiently high while the drag torque d
T is lower than in the arrangement with two permanent magnets. For this case, Figure 10 shows the results of sensitivity analysis used in DOE technique and Figure 11 compares the time evolutions of displacements of the bore for the original and optimised variants. Figure 11 shows that the time of heating in the optimised case with four permanent magnets is about 82 s in comparison with the original design, when this time is approximately two times longer. This is acceptable for preparing shrink fits of that kind as in the present practice several tools are prepared in this way well ahead their usage. 
Conclusion
The process compares several optimisation methods that are based on totally different principles. BOBYQA constructs the quadratic models by the least Frobenius norm updating technique for determining the gradient of the goal function. The convergence is very fast and straight but useful only for finding local minima. NSGA-II is well-known genetic algorithm which can be used for finding global minimum. The drawback is speed of the method. The alternative approach is Bayes optimisation technique using Gauss Process with estimated uncertainty. The convergence is very fast but by its nature, it shows a natural ripple of goal function depending on the number of steps. Optimum value has been obtained in the first ten steps. From DOE, the sensitivity of goal function was determined. It is clear that the solution is robust and exhibits very little sensitivity to variations of parameters.
